We present a numerical model for the simulation of water line emission in cometary coma. The model is based on a spherically symmetric density distribution with a constant expansion velocity (Haser model) and the Monte Carlo radiative transfer code published by Hogerheijde & van der Tak. It includes the seven lowest rotational levels of ortho-water, which are the primarily populated levels in the rotationally cold gas of the coma. We discuss the main excitation mechanisms for ortho-water in the coma and study their relative contribution as a function of distance from the comet nucleus. The model is used to derive the water production rate from observations made with the Submillimeter Wave Astronomy Satellite toward comet C/1999 T1 (McNaught-Hartley). They differ from the water production rates derived with an independent model by less than 20% and thus agree within the larger uncertainty due to the limited signal-to-noise ratio of the observations. We give predictions for spectral line observations of H 2 O and H 2 18 O in comets with present and future airborne and space observatories, including ESA's Herschel Space Observatory and the Stratospheric Observatory for Infrared Astronomy (SOFIA). These models cover a range of water vapor production rates (10 27 -10 29 s À1 ) and heliocentric distances (1-3 AU) and demonstrate that water line emission can be easily detected with Herschel.
INTRODUCTION
Water ice is the main constituent of the volatile material in cometary nuclei, accounting for 80%-90% of the vaporizing material. For comets entering the inner solar system (P3 AU) the sublimation of ice in the solar radiation field results in an extended coma of neutral gas and is responsible for much of the cometary activity. Because of the high abundance, spectral line observations of water and its isotopologues are the obvious tool to determine the outgassing rate, to monitor overall cometary activity, and to study physical conditions inside cometary coma.
The expansion rapidly cools the neutral gas in the inner coma to temperatures P100 K, as derived from spectral line data (for example, Crovisier et al. 1995; Biver et al. 1999b; Mumma et al. 2000; Dello Russo et al. 2002 and references therein) and numerical models for the collision-dominated region (see A'Hearn & Festou 1990 and references therein). Frequent collisions of water molecules result in a level population corresponding to the thermal energy of the gas, predominantly populating low rotational levels. At larger radii the collisions in the gas become less frequent as a consequence of the r À2 dilution of the gas density in the spherical outflow. Here the excitation is governed by IR pumping of the vibrational bands and the subsequent fluorescence, also leading to a level population in the ground vibrational state that is rotationally cold (see Crovisier 1984; Bockelée-Morvan 1987) . Low rotational transitions of water therefore provide the greatest amount of information on the conditions in cometary coma.
However, water line emission in comets is difficult to observe. In particular, the pure rotational transitions are not accessible by ground-based telescopes because the Earth's atmosphere is opaque at the line frequencies, with the exception of a few high-excitation transitions. Traditionally, most studies of the water production rate have been based on more easily observable secondary tracers, such as the photodissociation products of water (OH, O, and H). Radio observations of OH are primarily sensitive to the quiescent distribution of this daughter molecule in the coma. The OH prompt lines, in contrast, trace the spatial distribution of the parent volatile (H 2 O) and provide a method for measuring the water production rate . The prompt emission is emitted by vibrationally excited OH in high rotational states with a short radiative lifetime, formed via dissociative excitation of H 2 O. Similarly, the prompt emission of singlet-D oxygen resulting from molecular dissociation has been used as a proxy for H 2 O for many years (for example, Morgenthaler et al. 2001 and references therein). Observations of photodissociation products critically depend on the information of the formation and destruction rate of the daughter molecules in the solar radiation field and/or the branching ratios of the dissociation process to the excited state of the prompt emission.
Cometary water line emission, which can be detected with ground-based telescopes, includes the 22 GHz rotational transition ortho-water (Jackson et al. 1976; Cosmovici et al. 1998) and several of the hot-band transitions at IR wavelengths. These are high-excitation transitions with an excitation temperature of several hundred degrees kelvin that are not populated in the Earth's atmosphere. In particular, the observations of individual hot-band rovibrational transitions became feasible with the advent of sensitive infrared spectrometers with a high spectral resolution and wavelength coverage and have been used to derive the water production rates in a number of comets (e.g., Mumma et al. 1995; Dello Russo et al. 2002; Mumma et al. 2003) . In addition, several of the low rotational transitions in H 2 O isotopologues can be observed by telescopes from the ground Meier et al. 1998) or on stratospheric platforms, such as balloons and airborne observatories. Emission from the water fundamental bands has also been detected with the Kuiper Airborne Observatory (e.g., Weaver et al. 1987) . The observation of the predominantly excited, low rotational transitions of the main isotopologue, however, requires space-based telescopes.
The recent development of sensitive detectors at far-infrared and submillimeter wavelengths and their application in space missions opened a new window to comet observations. Several of the low rotational transitions of water were detected with the Infrared Space Observatory (ISO) during the lifetime of the mission from 1995 November to 1998 April (see Müller 2003; Crovisier 2002 and references therein). The Submillimeter Wave Astronomy Satellite (SWAS ), launched in 1998 December (Melnick et al. 2000) , and the Sweden-led satellite mission Odin, launched in 2001 February (Nordh et al. 2003; Hjalmarson et al. 2003) , can observe the 1 10 ! 1 01 transition of ortho-water and its isotopologue H 2 18 O. SWAS and Odin are both equipped with heterodyne receivers and thus allow for the first time observations for these transitions with a high velocity resolution of $1 and 0.08 km s
À1
, respectively. SWAS provided the historical detection of the ground-state line (Neufeld et al. 2000) and has monitored 1 10 ! 1 01 ortho-H 2 O emission in several comets (Chiu et al. 2001; Bensch et al. 2003 Bensch et al. , 2004 . Odin observations yielded the first detection of the 1 10 ! 1 01 transition of H 2 18 O and a detailed study of the line profile, as well as mapping observations for H 2 O 1 10 ! 1 01 (Lecacheux et al. 2003; Bockelée-Morvan et al. 2004 ). Future space missions will provide spectrally resolved observations for a larger number of transitions. The Herschel Space Observatory with its three main instruments will provide sensitive observations for wavelengths between 60 and 600 m. In particular, the Heterodyne Instrument for Far-Infrared (HIFI) on Herschel will have access to water vapor transitions with frequencies as high as 1.9 THz and will be capable of observing those spectral lines with high frequency resolution (up to 0.2 MHz) and high angular resolution (39 00 -13 00 ). Another space mission with instrumentation for water line observations is the comet probe Rosetta. In addition, several of the rotational lines of water isotopologues can be probed with the Stratospheric Observatory for Far-Infrared (SOFIA).
Given these expanding capabilities to not only detect but map the emission from the rotational transitions of water vapor, it is clear that numerical models for the line excitation and the radiation transfer are needed in order to derive physical quantities, such as the outgassing rate, from the observations. A detailed study of the water line excitation in cometary coma has been presented previously by Bockelée-Morvan (1987) , who employ an escape probability formalism for the radiation transfer. Xie & Mumma (1992) demonstrated that H 2 O-electron collisions play an important role for the line excitation, and an improved version of the Bockelée-Morvan (1987) model is presented by Biver et al. (1999a Biver et al. ( , 2000 . This model includes the excitation by collisions with water molecules and electrons and a more complete treatment of the rotational line excitation by IR fluorescence (see Chiu et al. 2001 for the IR bands considered). At the same time faster computer and recent developments in numerical techniques, such as the accelerated lambda iteration and accelerated Monte Carlo codes, allowed for better treatment of the radiation transfer problem for optically thick lines. This is important for comet models because of the high opacity in many of the water rotational transitions. Typically, the expansion velocity of the neutral gas in the coma is only 3 times the local line width, which is close to the limit where a local approximation of the radiation transfer in the framework of an escape probability model can be applied. Thus, the application of more sophisticated techniques may be required.
Here we present a model for ortho-water line emission in cometary coma. This model is based on a spherically symmetric density distribution and a constant expansion velocity of the neutral gas (Haser model; Haser 1957) . A one-dimensional accelerated Monte Carlo code is used for the radiation transfer; this model is presented in x 2. The relevant excitation processes for the low rotational transitions of ortho-water are discussed for a ''standard model'' in x 3. In x 4 we derive the water vapor production rate from SWAS observations of C/1999 T1 (McNaught-Hartley), where independently derived water production rates are available. We present simulations for spectral line observations with present and future observatories (e.g., Herschel, SOFIA) in x 5 and discuss the promise in the observation of multiple low-J rotational transitions of water vapor in x 6. In x 7 we summarize our results.
COMET MODEL
The present code aims to predict the emission of low-lying ortho-water rotational transitions in cometary coma. It adopts a spherically symmetric density distribution for the neutral gas and uses the publicly available, one-dimensional version of the radiative transfer code ratran (Hogerheijde & van der Tak 2000) . In the following, we refer to this comet model as rat4com (RATran for COMets). This model uses a Monte Carlo method for the radiation transfer, with an acceleration achieved by a separation of the radiation transfer along random rays in a local part (within the cell) and an external part. This makes the ratran code particularly suitable for an application to the water line emission in comets, as the optical depth of low-J rotational transitions can be large.
Water Vapor in Cometary Coma
In our model the radial distribution of the water vapor in the coma is represented by the standard Haser distribution (Haser 1957) ,
The density variation with the inverse square of the radius is due to the sublimation of water ice from the central nucleus with a constant rate Q H 2 O (in molecules s À1 ) and the isotropic expansion of the water vapor with a constant velocity v exp . The exponential term accounts for the finite lifetime of the water molecules due to photodissociation and ionization in the solar UV field, with a rate of H 2 O and a lifetime of H 2 O ¼ À1 H 2 O . In the following we briefly discuss the model parameters and their estimates from observations. Typically, the expansion velocity of the neutral gas is between 0.5 and 1.5 km s À1 for comets in the inner solar system (r h < 3 AU). For example, Biver et al. (1999b) derive a scaling law of v exp % 1:1r À0:4 h for C/1995 O1 (Hale-Bopp) from molecular observations made at 1 AU P r h P 5 AU, and a similar expansion velocity is derived from the monitoring observations of other comets (Crovisier et al. 1995; Biver et al. 1999a ). For a model of a particular comet, the expansion velocity of the neutral gas can be derived together with the water production rate, providing that the observations resolve the line.
The photodestruction of water in the solar UV field is dominated by dissociation with a small contribution by ionization ( P 5%; Huebner et al. 1992) . These rates vary with the solar activity and heliocentric distance. For the solar minimum, Budzien et al. (1994) (Crovisier 1989) .
For the models presented here, we assume a constant gas temperature of the neutral species throughout the coma. Numerical models of the thermal balance and expansion of water in cometary coma suggest that the neutral gas temperature rapidly decreases from T kin $ 200 K close to the nucleus to T kin P 25 K in the inner coma at r $ 300 km (e.g., Marconi & Mendis 1984) . Thus, T kin is below $100 K and does not vary much over most of the region where water-water collisions dominate. Similarly, observations of comets indicate that gas temperature variations are generally small for the regions in the coma where neutral gas collisions play a role in line excitation. The only exception is the region within a few hundred kilometers of the nucleus; however, this region does not significantly contribute to the signal detected with a groundbased radio telescope at typical Earth-comet distances, because of beam dilution. The approximation by a constant gas temperature for the modeling purpose is therefore reasonable for observations made with single-dish telescopes from ground-or space-based platforms in Earth orbit. The assumption of a constant gas temperature might be inadequate for observations made with a very high spatial resolution, such as those that will be obtained with the Microwave Instrument for the Rosetta Orbiter (MIRO) during the approach and rendezvous with comet 67P/Churyumov-Gerasimenko. We want to point out, however, that the rat4com models are easily modified to accommodate a radial temperature profile for the neutral gas.
For specific comet observations, the gas temperatures can be derived via standard multitransitional techniques from millimeter-line observations (e.g., of CO and methanol; Bockelée-Morvan et al. 1994; Biver et al. 1999b; Crovisier et al. 1995) and rovibrational lines at infrared wavelengths (Mumma et al. 2000, 2003 and references therein) . Such measurements find temperatures of T kin $ 10 K for r h k 2 AU, with higher values for smaller heliocentric distances. The gas temperature also varies with the cometary activity, with higher temperatures derived for more active comets.
In rat4com, the radial density distribution is modeled from 10 to 10 5 km using shells with constant physical properties. The width of the shells increases with the radius and the spacing is chosen to be equidistant in logarithmic space. For our standard model with (Table 1) , the neutral gas density ranges between n H 2 O (r) $ 10 11 cm À3 close to the nucleus at r % 10 km and n H 2 O (r) $ 100 cm À3 at r $ 10 5 km (Fig. 1) .
The ortho-to-para water ratio has been measured in a few comets; for example, o=p $ 2:73 AE 0:17 and 3:23 AE 0:37 in 1P/Halley ) and 2:45 AE 0:10 in C/1995 O1 Hale-Bopp (Crovisier et al. 1997) . However, it has yet to be established for a larger set of comets. Given the lack of information, we assume an ortho-to-para ratio of 3 for our model and thus an ortho-water density profile of n o-H 2 O (r) ¼ 0:75n H 2 O (r).
Radiativv e Transfer Model
For rat4com we consider nine rotational transitions connecting the seven lowest levels in the ground vibrational state of ortho-H 2 O. The transitions and energy level structure are shown in Figure 2 , while in Table 2 we provide the Einstein Acoefficient for each transition, together with the line frequency and wavelength. Several of these transitions are within the frequency range of the Long Wavelength Spectrometer (LWS) of ISO and are accessible by present (SWAS, Odin) and future space missions (e.g., Herschel and MIRO on Rosetta).
The observed line profile is calculated from the derived level population distribution by integration of the radiation transfer equation along the line of sight, taking into account the projected expansion velocity, and a velocity dispersion of the gas corresponding to the kinetic temperature, Áv ¼ (2k B T kin =m H 2 O ) 1=2 . Here m H 2 O and k B denote the mass of the water molecule and Boltzmann's constant, respectively. This is done for a sufficiently large number of rays sampling the discretized coma, and the emission is then convolved with the chosen telescope beam at the distance of the comet. 
Line Excitation by H 2 O-H 2 O Collisions
Water vapor is the main constituent of the gas and the line excitation of H 2 O by collision with other water molecules is important for regions with high gas densities. We derive the collision rate coefficients from the cross sections calculated by Buffa et al. (2000) . They vary over the range 3 16 ; 10 À10 s À1 cm À3 for the transitions considered in our model (for T kin ¼ 100 K).
The ratio of the collision rate and the Einstein A-coefficient of the rotational transitions listed in Table 2 indicates high critical densities, typically between 10 6 and 10 8 cm À3 . With neutral gas density decreasing by the inverse square of the radius in the coma, it is clear that excitation by H 2 O-H 2 O collisions plays a significant role only for the inner coma, up to radii of 100-1000 km, depending on the water vapor production rate, the expansion velocity, and the transition under consideration. However, LTE is expected to apply even to regions with a density slightly lower than the critical density for transitions with high optical depths, because of significant line trapping effects.
Line Excitation by H 2 O-Electron Collisions
Xie & Mumma (1992) have demonstrated that H 2 O-electron collisions are important for the excitation of the water rotational levels. The modeling of this process requires the knowledge of the electron density and temperature profile and the collision cross section with (ortho-)water.
The electron density in the inner coma is controlled by the balance between production via photodissociation of H 2 O, CO, and other neutrals and destruction by ion recombination. The number of photoelectrons per volume is n e (r) / n n k ion r À2 h , where n n % n H 2 O (r) is the density of the neutral species and k ion is the photoionization rate in the solar UV field at r h ¼ 1 AU. Assuming that H 3 O + is the dominant ion (n H 3 O þ % n e ), the number of electrons removed by recombination scales as /n 2 e k rec , where k rec / T À0:5 e is the recombination rate and T e is the electron temperature. Thus, the electron density profile in the inner coma scales as n e (r) / (T 0:25 e =r h )r À1 . The photoelectrons are ejected with an excess energy between 10 and 40 eV, depending on the reaction channel and the solar activity (average $16 eV; Huebner et al. 1992 ). In the inner coma frequent collisions with the neutral gas cool electrons to a temperature close to the neutral gas kinetic temperature, T e % T kin . Toward larger radii, the gas density in the coma decreases and electrons become collisionally decoupled from the gas. Thus, at a certain distance in the coma, collisions are insufficient to cool hot photoelectrons and the electron temperature steeply rises above the neutral gas temperature. This produces a reduction in the recombination rate (k rec / T À0:5 e ) and thus a simultaneous increase in the electron density (Fig. 1) . Observational evidence for these effects is provided by in situ measurements of ions with Giotto during its encounter with comet 1P/Halley (Ip & Axford 1990 and references therein) and studies of ions in other recent comets (e.g., Lovell et al. 1998; Wright et al. 1998) . The thermal decoupling of the electrons from the neutral gas is also reproduced by numerical models of cometary atmospheres (for example, Marconi & Mendis 1984; Körösmezey et al. 1987; Häberli et al. 1995) , and the location of the contact surface in the coma is typically between a few times 10 2 and a few times 10 3 km from the nucleus, depending on the outgassing rate, but also on model details. At this radius the neutral gas density is below the critical density for most of the rotational transitions and H 2 O-H 2 O collisions cannot maintain a local thermal equilibrium. Despite modeling efforts and the available in situ measurements, large uncertainties are attributed to the electron density and temperature profile in cometary coma. No consensus exists for the exact location of the collision surface in the models for 1P/Halley. Moreover, the interaction with charged particles from the solar wind suggests an axial symmetry for the density and the energy distribution of the electron and the corresponding contact surface. Given the large uncertainty for the electron density and temperature profile, we employ the same approach as Biver (1997) , where the uncertainties in the position of the contact surface and the electron density are reflected by two scaling factors. For the electron temperature we use
; R cs r 2R cs ;
where the distance of the contact surface, R cs ¼ x r e Q 3=4 29 1125 km, includes the scaling factor x r e . The normalization of x r e ¼ 1 matches the contact surface for 1P/Halley during the Giotto encounter, R cs % 4600 km for Q 29 % 6:6 and r h ¼ 0:89 AU (Balsiger 1990; Festou 1990 and references therein).
The electron density profile is approximated by
where R rec ¼ 3200x r e Q 1=2 29 km is the recombination surface outside which the recombination rate of electrons with ions is insignificant. (The measurements in 1P/Halley indicate that R rec P 10 4 km.) Here k ion is the photoionization rate at r h ¼ 1 AU (k ion ¼ 4:1 ; 10 À7 s À1 for solar minimum and 10:5 ; 10 À7 s À1 for solar maximum; Huebner et al. 1992 ) and k rec ¼ (300 K=T e ) 1=2 0:7 ; 10 À6 s À1 cm 3 is the recombination rate for electrons with ions. The scaling factor x n e allows the absolute electron density to vary, with the normalization of x n e ¼ 1 matching the electron density inferred for the coma of 1P/Halley during the Giotto encounter.
In the limit of small radii, rTR cs , this gives the n e / r À1 dependency expected for the balance of ionization and recombination in a sphere with a constant expansion velocity. For large radii, r 3 R rec , the electron density decreases as n e / r À2 . This assumes that the electrons formed at smaller radii expand freely with no significant contribution by photoionization and recombination. Figure 1 shows the electron density and temperature for the standard model in Table 1 . For the modeling of single-line observations reasonable assumptions have to be made for the scaling factors, typically x r e ¼ x n e ¼ 1. The relatively large uncertainty in these quantities also justifies the rather simple assumption of spherical symmetry for the rotational line excitation of H 2 O. However, as we discuss in x 6, the effects of electrons on water excitation can be constrained for comets where a sufficiently large database is available (for example, by using mapping observations of transitions sensitive to excitation by electron collisions).
The H 2 O-electron collision coefficients are calculated following Xie & Mumma (1992) , using the approximation for the electron-H 2 O collision cross section derived by Itikawa (1972) and the line strength of the transitions listed in King et al. (1947) . Typical collision rates for the transitions considered in our model are in the range (4 30) ; 10 À7 s À1 cm 3 for T e % 100 K and (1 5) ; 10 À7 s À1 cm 3 for T e % 10 4 K.
Line Excitation by IR Pumpinggand Fluorescence
IR fluorescence of water vapor exposed to the solar radiation field significantly contributes to the excitation of water rotational levels. This is the line absorption of solar photons by rovibrational transitions and the subsequent spontaneous decay (fluorescence) to a rotationally excited level of the ground vibrational state. IR fluorescence contributes to the excitation throughout the coma but is particularly important for large radii where the gas and electron density is too low for collisions to play an important role (fluorescence equilibrium; Bockelée-Morvan 1987; Neufeld et al. 2000) .
We do not include the vibrationally excited levels and the radiative transfer at IR wavelengths when solving for the population of the rotational levels. Rather, the excitation by IR fluorescence is approximated by ''effective'' pumping rates for the rotational levels in the ground vibrational state. These pumping rates are scaled by the strength of the solar radiation field. As an example, this is illustrated with Figure 3 . Typically, the A-coefficient of the rovibrational transitions is much larger than those of the pure rotational transitions, and we can assume that the vibrationally excited water molecules do not relax rotationally. In addition, we assume that de-excitation by collisional quenching of vibrationally excited levels can be neglected. Indeed, this process plays a significant role for the modeling of IR data and for regions with high densities only (Bockelée-Morvan 1987) where the rotational line excitation is expected to be governed by H 2 O-H 2 O collisions. With these approximations we calculate the pumping rates of the rotationally excited level J 00 of the ground vibrational state via the rovibrational pumping and fluorescence,
This is indicated in Figure 3 by the dashed arrows. For rat4com, we consider the rovibrational pumping transitions of the five strongest bands of ortho-H 2 O (see Fig. 2 in Bockelée-Morvan & Crovisier 1989 ) with a lower level 1 01 , 1 10 , and 2 12 in the ground vibrational state. The contribution by pumping transitions out of higher rotational levels is neglected because of their small fractional population throughout the coma (see, e.g., Bockelée-Morvan 1987 and x 3).
The Einstein A-coefficients and the pumping rates in the solar IR field are calculated following Crovisier & Encrenaz (1983) using the line strength listed in the 1997 Spectroscopic GEISA Databank (Jacquinet-Husson et al. 1999) . The fluorescence cascade is traced to the ground vibrational state using the transitions in five ''cold'' bands to the ground vibrational state and six ''hot'' bands connecting vibrationally excited levels. For the hot bands that are not listed in GEISA 1997 we use the Einstein A-coefficients of the corresponding cold bands. This finally gives ''effective'' pumping rates g eA JJ 00 ¼ P J 0 ; 0 g JJ 00 ( 0 ; J 0 ) for transitions from the rotational level J : 1 01 (1 10 and 2 12 , respectively) to each of the six other rotational levels, J 00 6 ¼ J , of the ground vibrational state.
Optical depth effects can become important for some transitions in comets with a high outgassing rate (e.g., Neufeld et al. 2000) . This will reduce the pumping rate and produce significant line trapping for the downward (fluorescence) transition. The transitions most affected by opacity will be the rovibrational pumping transitions in the two strongest bands, 2 and 3 , with a lower level 1 01 . These transitions have been excluded in the summation for the g eA JJ 00 and a separate treatment is implemented to account for their pumping. This is taken into account by employing an escape probability formalism in rat4com, where the solar radiation field at the line frequency is attenuated using the optical depth calculated with the Sobolev approximation. In addition, the Einstein A-coefficients of the downward (fluorescence) transition are multiplied with the escape probability for a sphere with a constant expansion velocity. This effectively reduces the spontaneous decay rate to the ground state of ortho-H 2 O, the state with the largest population throughout (most of ) the coma.
STANDARD MODEL
For our standard model we assume a water production rate of Q 29 ¼ 1 at a heliocentric distance of r h ¼ 1 AU. This is typical to a ''moderately strong'' comet, and several comets with a peak outgassing rate close to or exceeding 10 29 s À1 have been observed in the past few years in the ground-state transition of ortho-H 2 O by SWAS and Odin. Lecacheux et al. 2003; Bensch et al. 2004 ). The observations presented in these publications are made for a comet-Earth distance Á between 0.24 and 2.2 AU, and we chose Á ¼ 1:0 AU for our standard model.
The expansion velocity of the standard model is v exp ¼ 0:85 km s À1 and the gas kinetic temperature T kin ¼ 40 K, not unusual for comets with Q 29 ¼ 1 at r h ¼ 1 AU. The scaling factors of the electron density and temperature are chosen to be unity, x n e ¼ x r e ¼ 1, with the contact surface being at R cs ¼ 1125 km and the recombination surface at R rec ¼ 3200 km (Fig. 1) .
The model parameters of our standard comet are listed in Table 1 . We choose a signal-to-noise ratio (S/N) of 10 for the convergence threshold. Thus, the model (level population) is considered as converged if the variation of the relative level population in the shells for three subsequent iterations is smaller than 0.1.
In order to determine the number of shells required for the model (the shell spacing), we ran a series of models in which we successively doubled the number of shells until the resulting line-integrated intensities, calculated for a telescope with a main-beam FWHM between $10 00 and 4 0 at a distance of Á ¼ 1 AU, have converged. We used the line-integrated intensity detected by a telescope with finite FWHM rather than the level population for this purpose because it averages the emission over a larger portion of the coma. It is therefore more sensitive to small systematic variations in the level population for the extended coma to a degree smaller than the threshold used to control the convergence of the simulation. For a model with 560 shells per decade in radius, we determine that the systematic error in the line-integrated intensity due to the finite number of shells of constant physical property is smaller than 3%. This applies to the line-integrated intensity of the groundstate transition of ortho-H 2 O, where large optical depths require a correspondingly large number of shells. We find that this result is relatively independent of the FWHM of the telescope beam, 10 00 P P 4 0 . The systematic error of P3% is smaller than the typical S/N and the calibration accuracy of spectral line observations made at submillimeter and FIR wavelengths. We therefore conclude that k500 shells per decade are needed for a reliable representation of the comet coma in our model and that the residual systematic error in the line-integrated intensity is of the order of a few percent.
Under some instances false convergence may occur. For instance, low opacity in some of the cells results in a low probability for a photon to interact and hence no adjustment to the level population is made. To check for false convergence, the same model was run with 10 different seeds for the random number generator. None of these models show indications of false convergence. The rms of the line-integrated intensity derived from the 10 model runs, and thus the statistical error due to the random character of the radiative transfer code, is P1%. Figure 4 gives the ortho-water level population for six of the seven levels in our standard model, excluding 3 30 , the highest level in our model. Figure 5 shows the radial intensity profile for four of the transitions. In the bottom of Figure 4 we label the various regions in the coma where different excitation mechanisms are dominant. For radii smaller than the contact surface R cs (r < 1125 km for the Q 29 ¼ 1 model), the level population is consistent with a thermal excitation at the kinetic temperature of the neutral gas. The small decrease in the level population of 3 21 suggests that the excitation is slightly subthermal for r P R cs . Note that the neutral gas density is slightly below the critical density for some of the transitions at these radii. This suggests that not only H 2 O-H 2 O collisions but also H 2 O-electron collision and line trapping effects contribute to the line excitation and adjust the excitation temperature to the local gas kinetic temperature. (Recall that the electrons are assumed to be thermally coupled to the neutral gas for r < R cs .)
The angular diameter of the LTE region for an observer at a distance of Á ¼ 1 AU is only %3 00 . The emission from water molecules that are thermalized at T kin is therefore expected to be important only for observations made at very high angular resolution toward comets with a high water production rate and/or observations made for distances ÁT1 AU (for example, observations made with MIRO during the approach of 67P/Churyumov-Gerasimenko).
The steep increase of the electron temperature and density at r ! R cs results in an increased excitation of the higher rotational levels by collisions with electrons. For levels with an excitation energy of E=k B > T kin ¼ 40 K above the 1 01 ground state (see Fig. 2 ), the population peaks between 2 ; 10 3 and 10 4 km with the maximum at smaller radii for levels with a higher excitation energy (compare 1 10 and 3 03 , for example). In this region, the line excitation is governed by electron collisions.
Finally, for radii r 3 R rec , the level population transitions to the fluorescence equilibrium with approximately 99% of the ortho-water molecules in the ground rotational state 1 01 . However, this is a rather gradual transition, and electron collisions noticeably contribute to the line excitation even at r k10 5 km for some of the rotational levels. The population of the 1 10 level decreases by more than an order of magnitude from its peak at $10 4 km to the fluorescence equilibrium at large radii. For the higher levels the drop in the level population is even larger, between a factor of 100 and 1000. The line emission from transitions connecting rotationally excited levels is therefore dominated by the region where H 2 O-electron collisions govern the excitation. The same applies to observations of the ground-state transition made with a sufficiently high angular resolution ($0A5 for Á ¼ 1 AU). Thus, line observations can be used to constrain the coma electron density profile (see x 6). For observations made with a lower angular resolution and more distant comets, the region dominated by H 2 O-electron collisions is diluted within the telescope beam. Low-resolution observations are therefore more sensitive to the extended part of the coma where the line excitation is close to the fluorescence equilibrium. The linear extent of the region where the line excitation by electron collisions peaks also depends on the water production rate of the comet and therefore on the heliocentric distance r h .
MODEL FOR THE SWAS OBSERVATIONS OF C/1999 T1 (MCNAUGHT-HARTLEY)
In the following we use SWAS observations made for C/1999 T1 (McNaught-Hartley) as a test case for rat4com. The emission of the 1 10 ! 1 01 ground-state transition of ortho-water was monitored during the post-perihelion phase from (UT) 2001 February 2 to February 11.07 and February 23.01 to April 5.95 for a heliocentric distance ranging from r h ¼ 1:41 to 2.05 AU (Bensch et al. 2004 ). The water production rate presented by Bensch et al. (2004) is derived using an improved version of the model by Bockelée-Morvan (1987) . It includes the excitation of ortho-and para-H 2 O by collisions with water molecules and electrons as described by Biver et al. (1999a Biver et al. ( , 2000 and the excitation by fluorescence of IR pumped vibrational levels (Chiu et al. 2001) . We have used the same publications as a guideline for rat4com. Note, however, that we employ an accelerated Monte Carlo code for the line excitation and the radiative transfer, whereas the model by Bockelée-Morvan (1987) uses an escape probability method. Even with the different treatment in the line excitation and radiation transfer, a comparison of the results from both models is useful in the case of the SWAS McNaught-Hartley observations because the beam-averaged submillimeter emission has only a moderate optical depth of $0.74. This suggests that the escape probability treatment provides a reasonable approach for the radiation transfer and line excitation in this case and that a comparison of both model results can be used for a first-order verification of rat4com.
We choose two spectral line observations of the SWAS data set for a comparison to rat4com. The first spectrum is the average of the observations made on 2001 February 2 for a comet heliocentric distance of r h ¼ 1:41 AU and a comet-Earth distance of Á ¼ 1:29 AU (observation 1). The second spectrum averages observations made over a longer period of 8 days when the comet was more distant and thus the line-integrated intensity was weaker (observation 2: 2001 March 1-8, r h ¼ 1:67 1:75 AU, and Á ¼ 1:37 1:54 AU). For both spectra, the integrated intensity is derived from a Gaussian fit. The SWAS observations, model parameters, and water production rate derived in Bensch et al. (2004) are summarized in Table 3 .
Using rat4com, we run three models with different Q H 2 O , bracketing the water production rate derived earlier. All other model parameters are chosen to be the same as listed in Table 3 . The spatial 1 10 ! 1 01 line-integrated intensity distribution is then convolved to the angular resolution of the SWAS beam at the distance of the comet. A power law is fitted to the water production rate as a function of the line-integrated intensity, and the resulting fit is used to derive the water production rate for the observed line intensity. Using this procedure, we derive a water production rate of Q 29 ¼ 0:453 AE 0:080 for observation 1 and Q 29 ¼ 0:108 AE 0:036 for observation 2. The accuracy is derived from the S/N of the line-integrated intensity (top panels of Fig. 6 ; the bottom panels compare the predicted spectra from the models with observations). The difference to the water production rate presented in Bensch et al. (2004) is P20% (see the Q 29 listed in Table 3 for x n e ¼ 1). This is smaller than the typical accuracy due to the finite S/N in the observations and the estimated, overall accuracy due to the model approximations (assumed spherical symmetry, etc.). We ran a second set of models with a reduced electron density (x n e ¼ 0:2). This gives a larger water production rate for a given lineintegrated intensity, Q 29 ¼ 0:671 AE 0:120 for observation 1 and Q 29 ¼ 0:157 AE 0:051 for observation 2. Again, these results differ by less than 20% from the corresponding results in Bensch et al. (2004) .
This confirms that for situations of moderate line opacities the escape probability model provides reliable results for the line-integrated intensities. However, we expect that the Monte Carlo radiation transfer code provides more reliable results in the case of high line opacities such as those encountered by observations made with a high angular resolution toward the nucleus, comets with a high outgassing rate, and the detailed modeling of the emission-line profile because of the high opacity in the line center.
LINE PREDICTIONS FOR FUTURE OBSERVATORIES

Water Line Observv ations with Herschel HIFI
A detailed study of the water emission in cometary coma will be possible with Herschel, the fourth cornerstone mission in the European Space Agency (ESA) science programme and scheduled for launch in 2007. Several of the water transitions are in the bands covered by HIFI, one of the three main instruments on board Herschel (de Graauw & Helmich 2001). Equipped with state-of-the-art receivers and spectrometers, HIFI will allow the observation of water line transitions up to 1.9 THz with an unparalleled sensitivity and angular resolution. The Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2001 ) and the Spectral and Photometric Imaging Receiver (SPIRE; Griffin et al. 2001 ) will provide spectrally unresolved observations for wavelengths in the range 60-200 and 200-600 m, respectively, and thus cover all of the transitions listed in Table 2 .
In the following we present a series of models in order to give an estimate for the water emission and the integration time that can be expected for HIFI observations of ortho-water rotational transitions in comets. One important strength of our model is the prediction of both line profiles and the distribution of emission (in the context of spherical symmetry). The first three models (M1, M2, and M3 in Table 4 ) have a water vapor production rate of Q H 2 O ¼ 10 29 , 10 28 , and 10 27 s À1 , respectively, and a heliocentric distance of r h ¼ 1 AU. The cometobserver distance is assumed to be Á ¼ 1 AU. Other model parameters (T kin , v exp , H 2 O , x n e , and x r e ) are chosen to be the same as for the standard model in Table 1 . These models simulate comets of different activity close to their perihelion. The model line profiles for HIFI observations made toward the center of the comet are shown in Figure 7 for a few selected transitions (1 10 ! 1 01 , 2 12 ! 1 01 , 2 21 ! 2 12 , 3 03 ! 2 12 ). These are the strongest of the transitions in Table 2 that are Table 3 ). The top panels present the model results as the water production rate vs. the line-integrated intensity for observation 1 made on 2001 February 2 (left) and observation 2, co-adding data observed between 2001 March 1 and 8 (right). For each observation, three models are run with a different water production rate ( filled squares). A power law is fitted to the water production rate (solid line), and the water production rate for the observed line-integrated intensity is derived (dashed line). The accuracy due to the finite S/ N of the observations is indicated by the dotted line. Finally, a model for the fitted water production rate is used to confirm the fit result (star). The bottom panels overlay the observed spectrum (histogram) with the model line profile (solid line). Note that this is not a fit to the observed line profile. Only the line-integrated intensity was used to derive the water production rate because of the limited velocity resolution of the SWAS observations. Note also that the small offset between the observed line and the model result in the bottom right panel is likely to be due to the limited accuracy of the SWAS velocity calibration of $0.3 km s À1 (see the discussion in Bensch et al. 2004 ).
within the HIFI bands. In particular, the 2 12 ! 1 01 and 2 21 ! 2 12 transitions are close in line frequency and can be observed simultaneously in the HIFI band 6-low. The calculated lineintegrated intensities are listed in Table 4 . In addition to the HIFI intensities, we give the line-integrated intensity that would be detected by SWAS in the 1 10 ! 1 01 transition as an example for a telescope with a lower angular resolution ($3A9).
The line profiles in Figure 7 are clearly asymmetric, with a stronger red line wing. This asymmetry is present in all line profiles toward the center of the comet, to a varying degree depending on the transition and water production rate. The asymmetry is the result of the optically thick emission arising from a sphere with a constant expansion velocity and a decreasing line excitation toward larger radii. Here the reduction of the emission in the blue line wing results from the absorption of line photons emitted from the high-excitation center by the rotationally cold outer layers of the expanding coma facing the observer. For the 1 10 ! 1 01 line of orthowater, this effect has been observed by Odin for a number of comets (Lecacheux et al. 2003) .
For an estimate of the integration time we use the peak line temperature of the spectra in Figure 7 5 and the HIFI instrumental parameters listed in the white paper by Tielens (2001) . The receiver noise temperature from the white paper is quoted in the last row of Table 4 . The comparison of the predicted line peak temperature for models M1-M3 with the instrument sensitivity shows that even a comet with Q H 2 O ¼ 10 27 s À1 is Notes.-Line-integrated intensity is in K km s À1 . See the second to last column in Table 2 for a conversion to units of ergs cm À2 s À1 sr À1 . a The emission has been smeared to the angular resolution of the telescope beam (the main-beam FWHM mb is indicated). b Melnick et al. (2000) . c Tielens (2001) . easily detected by HIFI, confirming earlier studies by Bockelée-Morvan & Crovisier (2001) . An on-source integration time of t on $ 26 s gives an S/N of $10 for the 1 10 ! 1 01 line in model M3, where we define the S/N as the ratio of the line peak temperature to the rms noise in the 0.1 km s À1 velocity channels. For observations of the 2 12 ! 1 01 and 2 21 ! 2 12 transition, which can be done simultaneously with HIFI, an integration time of 190 s gives a 3 detection for the latter and an S/N of $13 for the former (again, for model M3 with Q 29 ¼ 0:01). Thus, HIFI can be used for a study of comets that span a wide range in activity. The short integration time required for the detection of the 1 10 ! 1 01 ground-state transition allows for observations made with a high time resolution and therefore studies of cometary variability, for example, sudden changes in the water production rate (outbursts).
In models M4 and M5 we explore the effects of increasing heliocentric distance, with a corresponding reduction in the water production rate in order to mimic the decreasing activity of a comet during its post-perihelion phase. The distance to the observer is chosen to be equal to the heliocentric distance of the comet (i.e., r h ¼ Á). Reducing the outgassing rate by a factor of 10 for an increase of r h by 1 AU is within the range of the evolution of the outgassing rate observed toward many comets (e.g., A'Hearn et al. 1995) . Model M4 has a water production rate of Q 29 ¼ 0:1 and r h ¼ Á ¼ 2 AU, while for M5 we choose Q 29 ¼ 0:01 and r h ¼ Á ¼ 3 AU. All other parameters are the same as for the standard model. In particular, we ignore the fact that T kin and v exp decrease with increasing heliocentric distance. The velocity-integrated intensities are listed in Table 4 , and the corresponding line profiles are shown in Figure 7 by the thick solid lines. Even for these models, the ground-state transition of ortho-water can be easily detected with HIFI. For M4, an integration time of only t on $ 3 s gives an S/N of 10 for the 1 10 ! 1 01 transition. An integration time of 19 s for HIFI band 6 gives an S/ N of k 10 for the 2 12 ! 1 10 transition and $5 for the simultaneously observed 2 21 ! 2 12 transition. For the even weaker and more distant case of M5, a modest integration time of t on $ 27 s allows a 3 detection of the 1 10 ! 1 01 transition. Substantially longer integration time is required for the detection of the higher rotational transitions: t on $ 72 minutes is needed for a 3 detection of the 2 21 ! 2 12 transition, giving an S/ N of $15 for the 2 12 ! 1 01 transition. A more complete list with the line-integrated intensity, line peak temperature, and onsource integration time for a 5 detection with HIFI is provided in Table 5 .
Observv ations of H 2
18 O with SOFIA In addition to the H 2 16 O transitions, observations of rarer water isotopologues can be used to study the water production rate using a tracer with a smaller optical depth and to determine isotopic abundance ratios. The rarer isotopologues have the additional advantage that several of the low rotational transitions considered here can be observed from stratospheric platforms or even with ground-based telescopes. Indeed, the ground-state transitions 1 01 ! 0 00 and 1 11 ! 0 00 of deuterated water are accessible in the 490 and 800 GHz atmospheric windows, respectively. Higher excitation lines that are accessible from the ground are seen at lower frequencies, for example, the 2 11 ! 2 12 transition at 241.6 GHz and the 2 20 ! 3 13 transition at 266.2 GHz (Lovas 2002) . Detections of the 1 01 ! 0 00 transition of deuterated water in comets are discussed by Bockelée-Morvan et al. (1998) and Meier et al. (1998) .
Here we give the example of H 2 18 O observations with the Caltech Submillimeter Interstellar Medium Investigations Receiver (CASIMIR; Edgar & Zmuidzinas 2000), a multichannel heterodyne receiver that is being developed for SOFIA. To explore the possibility of detecting cometary water with SOFIA, we have used models M1-M3 with a lower abundance appropriate for the rarer isotopologue, x(H 2 O=H 2 18 O) ¼ 500. These models are referred to as M1-18 (Q 29 ¼ 1), M2-18 (Q 29 ¼ 0:1), and M3-18 (Q 29 ¼ 0:01). Table 6 gives the line-integrated intensities for four of the transitions in the CASIMIR band with a significant atmospheric transmission at SOFIA's operation altitude. (The transmission at the line frequency is given at the bottom of the table.) In addition to the predictions for SOFIA CASIMIR, we have added the H 2 18 O 1 10 ! 1 01 line-integrated intensity for SWAS as an example for a telescope with a lower angular resolution. The SOFIA CASIMIR line profiles for both ground-state transitions are shown in Figure 8 . Table 5 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content.
a Models M1-M7, as described in Tables 1 and 4 . b See the second to last column in Table 2 for a conversion to units of ergs cm À2 s À1 sr À1 . c Line peak temperature for a velocity resolution of 0.1 km s À1 . d Integration time for a 5 detection. ( The ratio of the peak temperature to the baseline noise rms is 5.) Notes.-The unattenuated line-integrated intensity is given in K km s À1 (outside the Earth's atmosphere). The emission has been smeared to the angular resolution of the telescope beam (the main-beam FWHM mb is indicated).
We estimate 6 that t on $ 9 minutes are needed for a 4 detection of the H 2 18 O 1 10 ! 1 01 transition in M1-18 (Q 29 ¼ 1). Higher rotational transitions are difficult to detect with SOFIA CASIMIR because they either are substantially weaker (for example, the 2 21 ! 2 12 and 3 12 ! 2 21 transitions) or suffer from a low atmospheric transmission even at 14 km altitude (e.g., the 2 12 ! 1 10 transition). The same applies to comets with a lower outgassing rate, unless they are much closer than Á ¼ 1 AU. This limits SOFIA observations to the H 2 18 O 1 10 ! 1 01 transition for comets with a high water production rate of Q H 2 O k 10 29 s À1 .
CONSTRAINING COMET PROPERTIES FROM WATER OBSERVATIONS
Observations of water emission, as the most abundant cometary volatile, provide fundamental information on the properties of cometary coma. Foremost among these properties is the determination and monitoring of the overall water production rate. In x 4 we showed how the water production rate can be derived from observations of a single ortho-H 2 O rotational line. However, when deriving parameters from a single transition, crucial assumptions must be made regarding the temperature and electron density profile. It is clear that to constrain all properties and to gain a greater understanding of the physics of cometary coma requires a combination of multiline observations and mapping data.
The determination of the temperature is best understood from more traditional multitransitional studies of water emission, extending from millimeter to ultraviolet wavelengths, which are widely applied to determine the temperature of the neutral gas (Biver et al. 2000; Feldman et al. 2002; Dello Russo et al. 2004 and references therein) . A more uncertain property is the electron abundance profile and its effect on the water excitation. Modeling of the H 2 O emission suggests that uncertainties in the electron density are the dominant source of error in limiting the accuracy of the water production rate (Feldman et al. 2002; Bensch et al. 2004) . Constraining the electron abundance in the coma is therefore of great interest for the modeling of the water rotational line emission. 18 O. The ground-state transitions, indicated at the top of the top panels, are shown for the comet model with a water production rate of Q 29 ¼ 1 (top panels) and 0.1 (bottom panels). The double-peaked profile is typical for optical thin emission from an expanding shell, reflecting the fact that the region with strong line emission is constrained to radii R cs P r P R rec . Given this uncertainty, we have used our model to examine how observations of multiple rotational transitions of water might be used to constrain the electron abundance profile. In models M6 and M7 we reduce the electron abundance of the standard model to x n e ¼ 0:5 and 0.1, respectively. This reduces the line-integrated intensity of the spectral lines because of the reduced line excitation by H 2 O-electron collisions in the region R cl P r P R rec . In Figure 9 we present intensity profiles from four transitions of water along a cut across the coma (with an angular resolution of 1 00 ) for three different models of the electron abundance profile (see also Tables 4 and 5 for line intensities and line peak temperatures predicted for HIFI). For each transition the line emission depends quite sharply on the electron abundance. However, higher rotational transitions appear to be more sensitive to the electron abundance in the coma than the ground-state transitions. These models suggest that multiline observations made with a resolution of 40 00 will have sufficient angular resolution to constrain the scaling factors (x n e and x r e ). However, multitransitional studies combined with high angular resolution mapping observations ultimately offer the most promise for disentangling the effects of abundance/opacity, temperature, and electron abundance on the water emission.
SUMMARY
We presented a numerical model for the simulation of low rotational line emission of ortho-water vapor in cometary coma. The model uses a spherically symmetric Haser model for the density distribution of the neutral gas. The line excitation includes collisions with water molecules and electrons and the excitation by fluorescence of IR pumped vibrational levels. The one-dimensional version of the accelerated Monte Carlo code by Hogerheijde & van der Tak (2000) is used in order to determine the line population and to solve for the radiation transfer.
The model can be used to derive the water vapor production rate of comets from observed spectral line data. For comets where a larger database of observations is available (for example, mapping observations and multiline data), the simulations can be used to constrain important physical parameters, such as the electron density profile and the kinetic temperature of the neutral gas. Some of these parameters (e.g., gas temperature and electron density profile) often have to be assumed or derived from independent observations made for other tracers. The present model is limited to the low rotational transitions of ortho-water. Adding para-water transitions is therefore an obvious extension for future versions of the model.
The model is applied to SWAS observations of C/1999 T1 (McNaught-Hartley) where the water production rates are available from an improved version of the model by Bockelée-Morvan (1987) . We find that the water production rate derived with the present model differs by P20% and conclude that the model is in reasonable agreement with the results from the independent model. We presented predictions for spectral line observations for comets with a range of outgassing rate and heliocentric distances. These include predictions for H 2 O line observations with a low angular resolution telescope ( ¼ 3A9; SWAS ) and observations with HIFI on Herschel. Predictions for H 2 18 O are presented for observations with SOFIA. These studies demonstrate that water line emission in comets can be easily detected with HIFI, confirming previously published studies by Bockelée-Morvan & Crovisier (2001 Online material: machine-readable table
The comet model presented in the paper is based on the radiation transfer code ratran (M. R. Hogerheijde & F. F. S. van der Tak, A&A, 362, 697 [2000] ), an accelerated Monte Carlo code to calculate the line excitation and the emerging line intensities. For a given density profile, ratran determines the level population and, in a second step, calculates the spectral line emission for a given telescope beam, source distance, and velocity resolution. The numerical simulations for water-line emission in cometary coma show that the line excitation varies considerably on radii smaller than the projected telescope beam at the source distance for the models and telescope parameter considered in the paper. Thus, in our calculation, the water excitation in the second step was incorrectly sampled and the emission predictions were inexact, particularly for weak, optically thin lines.
4 This problem also resulted from a limitation of the ratran version with respect to the spatial sampling of the intensity distribution for a convolution with a telescope beam. The relevant part of the ratran code was corrected by the authors with the May 2003 release of their software (F. F. S. van der Tak 2006, private communication) .
To correct this issue, we redid the numerical models presented in the original paper using the May 2003 release of the ratran software and made tests to ensure that the spatial intensity distribution used to calculate the emission detected by a given telescope beam is sampled with a sufficient spatial resolution. The corrected version of the radiation transfer model does not affect the first step, where the level population is calculated; however, the beam-averaged line intensities calculated from the level populations are generally lower than quoted in the original paper. The impact is moderate for the ground-state transitions and for the models with a water production rate of Q 29 ¼ 1 (M1, M6, M7), but can be substantial for the emission in weak comets and the H 2 18 O transitions, as detailed below. For a given (measured) line intensity, the corrected model gives a water production rate that is larger than quoted in the original paper. 2), respectively. This is larger by 10%-57% than the results quoted in the original paper, but is still within 20%-40% of the waterproduction rates published in F. Bensch et al. ApJ, 609, 1164 [2004 , where the model by D. Bockelée-Morvan (A&A, 181, 169 [1987] ) is used. The difference of 20%-40% is of the order of the model accuracy due to the uncertainties in the electron abundance (compare the results for x ne ¼ 1:0 and x ne ¼ 0:2). However, this residual discrepancy possibly reflects the different numerical codes used to calculate the line excitation and radiation transfer, an accelerated Monte Carlo in ratran vs. an escape probability formalism in the model by D. Bockelée-Morvan (A&A, 181, 169 [1987] ). The low ratio of the expansion velocity over the local line-width, of a factor of 3, is close to the limit where an escape probability formalism can be applied. Systematic differences are therefore expected for the water-rotational transitions of the most abundant isotopologue, H 2 16 O, where optical depths can be large. The simulations made for a comet with Q 29 ¼ 0:3, r h ¼ 1:15 AU and Á ¼ 0:88 AU show that the line-integrated intensities of both models agree within 5%-15% for the optically thin ortho-H 2 18 O emission lines. The corrected models M1, M6, and M7 have line intensities that are lower by typically 10%-30%. Both ground-state transitions 1 10 ! 1 01 and 1 21 ! 1 10 are affected to a lesser degree, while a larger difference is noted for the 2 21 ! 2 21 and 3 12 ! 2 21 transition. A significantly larger impact is noted for models with Q 29 0:1 and r h ; Á > 1 AU. Typically, the line emission is 30%-50% smaller than presented in the original paper (model M2); 50%-80% for model M3. Even larger differences of a factor of 2-10 are found for models M4 and M5, as well as for the H 2 18 O models ( M1-18 through M3-18). The corrected line intensities are lower by more than an order of magnitude in a few individual cases; for example, the 2 12 ! 1 01 transition in model M5 and the 2 21 ! 2 12 ; 3 12 ! 2 21 transitions in M3, M4, M5, M2-18, and M3-18.
With the line intensities in the corrected models being lower than in the original paper, the integration time estimated for a detection with Herschel HIFI and SOFIA CASIMIR is underestimated. The impact on the time estimate is large, since the required integration time varies with the inverse square of the anticipated line intensity. The integration time estimated for a detection of the ground-state transition 1 10 ! 1 01 is still relatively short for the corrected models M1-M3, being of the order of 1 minute or less. For example, a 5 detection of this emission line with Herschel HIFI in a comet with Q 29 ¼ 0:01 and r h ; Á ¼ 1 (model M3) requires t on % 57 s (on-source integration time). For model M4, t on ¼ 34 s gives a S/N = 10 for the same emission line, and t on ¼ 106 minutes are required for a 3 detection in the extreme case of model M5. Even with the integration for the 1 10 ! 1 01 transition being significantly larger than previously estimated (a factor of 10 for M4 and as much as a factor of 240 in M5), a detection of this emission line is still easily feasible with Herschel HIFI. Table 3 ). The top panels present the model results as the water production rate vs. the line-integrated intensity for observation 1 made on 2001 February 2 (left) and observation 2, co-adding data observed between 2001 March 1 and 8 (right). For each observation, three models are run with a different water production rate ( filled squares). A power law is fitted to the water production rate (solid line), and the water production rate for the observed line-integrated intensity is derived (dashed line). The accuracy due to the finite S/ N of the observations is indicated by the dotted line. Finally, a model for the fitted water production rate is used to confirm the fit result (star). The bottom panels overlay the observed spectrum (histogram) with the model line profile (solid line). Note that this is not a fit to the observed line profile. Only the line-integrated intensity was used to derive the water production rate because of the limited velocity resolution of the SWAS observations. Note also that the small offset between the observed line and the model result is likely to be due to the limited accuracy of the SWAS velocity calibration of $0. 18 O. The ground-state transitions, indicated at the top of the top panels, are shown for the comet model with a water production rate of Q 29 ¼ 1 (top panels) and Q 29 ¼ 0:1 (bottom panels). In contrast to the results presented in the original paper, the emission lines in the corrected models show a flat-topped rather than a double-peaked line profile. Notes.-Line-integrated intensity is in K km s
À1
. See second to last column in Table 2 for a conversion to units of ergs cm À2 s À1 sr À1 . a The emission has been smeared to the angular resolution of the telescope beam (the main-beam FWHM mb is indicated). b G. J. Melnick et al. (ApJ, 539, L77 [2000] Note.-The corrected Table 5 is published in its entirety in the electronic edition of this erratum in the Astrophysical Journal. A portion is shown here for guidance regarding its form and content.
a Model M1-M7, as described in Tables 1 and 4 . b See the second to last column in Table 2 for a conversion to units of ergs cm À2 s À1 sr À1 . c Line peak temperature in K for a velocity resolution of 0.1 km s Some of the transitions in the models M3, M4, and M5 which were predicted to be easily detectable in the original paper now turn out to be difficult or even impossible to detect with a reasonable investment of observing time. An on-source integration time of as much as 7.5 hr is required for a 3 detection of the 2 21 ! 2 12 transition in model M3, compared to t on ¼ 190 s in the original paper. This gives an S/ N of 34 for the simultaneously detected 2 12 ! 1 01 emission line. In M4, t on ¼ 5:3 minutes is required to achieve a S/N of 10 for latter emission line. This is insufficient for a simultaneous detection of the 2 21 ! 2 12 transition in the same band. Despite these limitations, multiline observations still provide a promising method to constrain the electron density and thus the contribution of the electron-impact excitation in the cometary coma.
The corrected models for H 2 18 O indicate that t on ¼ 81 minutes is required for a 4 detection of the 1 10 ! 1 01 transition of model M1-18 with SOFIA CASIMIR. Even though this is a factor of 9 larger than previously estimated, it still appears to be feasible with a single SOFIA observing flight. Observations of in particular higher H 2 18 O rotational transitions with SOFIA CASIMIR are probably limited to strong comets with Q 29 > 1 or comets that make a close Earth approach (ÁT1 AU), however.Online material: machine-readable table Notes.-The unattenuated line-integrated intensity is given in K km s À1 (outside the Earth's atmosphere). The emission has been smeared to the angular resolution of the telescope beam (the main beam FWHM mb is indicated).
